Abstract. Maternally expressed 3 (MEG3) is a long noncoding RNA that can activate p53 and inhibit tumorigenesis and progression of various types of cancers. However, the role of MEG3 in epithelial ovarian cancer (EOC) is still unknown. The aim of the present study was to confirm whether MEG3 is downregulated in human EOC, determine its possible mechanism of action and elucidate the role of MEG3 in EOC. Differences in the expression of MEG3 and in the methylation status of the MEG3 promoter between EOC and normal ovary were analyzed using RT-PCR and methylation-specific PCR (MSP), respectively. MTT and EdU assays and flow cytometric analysis were used to assess the growth of ovarian cancer cells after overexpression of MEG3. The target genes regulated by MEG3 were detected with the Dual Luciferase Reporter system. The expression levels of target genes were confirmed using RT-PCR and western blotting. In contrast to normal ovarian tissues, the expression of MEG3 was absent or decreased in most EOC tissues as well as in human EOC cell lines, and the promoter of the MEG3 gene was highly methylated in both cancer tissues and cell lines. Treatment with 5-aza-2-deoxycytidine reversed the promoter hypermethylation and increased MEG3 expression. In addition, ectopic expression of MEG3 suppressed the proliferation and growth of OVCAR3 cells and promoted apoptosis. Finally, MEG3 activated p53 in OVCAR3 cells. In conclusion, our data suggest that MEG3 is epigenetically silenced in EOC due to promoter hypermethylation, which may contribute to the development of EOC.
Introduction
Epithelial ovarian cancer (EOC) is one of the most common tumors of the female reproductive system, and the mortality rate of this disease ranks first among gynecological malignant tumors. In spite of continuous efforts to improve the therapeutic response, the prognosis for patients with EOC is still very poor, with an overall 5-year survival of ~50%. Moreover, over 70% of patients with EOC suffer from relapse, although most advanced-stage patients undergo cytoreductive surgery and platinum-based chemotherapy (1) .
Recently, several studies have revealed that long non-coding RNAs (lncRNAs), which have lengths of >200 nucleotides (nt), play important roles in tumor development (2) . The maternally expressed 3 gene (MEG3) is an imprinted gene located on chromosome 14q32 that encodes an lncRNA-MEG3 RNA (3) . MEG3 is expressed in many human tissues, such as ovary, testes and brain (4) . However, recent studies have shown that expression of MEG3 is lost in multiple types of tumors including neuroblastomas, hepatocellular cancers and gliomas and in many cancer cell lines (5) . Promoter methylation may account for the loss of expression of MEG3 in cancer. Studies have shown that promoter methylation plays a major role in silencing of the MEG3 gene in clinically non-functioning adenomas (NFAs) (6) , meningiomas (7) and neuroblastoma cell lines (8) . Moreover, the results of Zhou et al (5) indicate that inactivation of the MEG3 gene in these tumors can be attributed in part to promoter silencing by hypermethylation.
MEG3 may act as a tumor suppressor during tumorigenesis. Overexpression of MEG3 inhibits the growth of cancer cell lines such as MCF7, HeLa (4), HCT116 and IOMM-Lee (9) and promotes apoptosis in HepG2, PLC/PRF/5, U251 and U87 MG cells (10, 11) . Zhou et al determined that the antiproliferative activity of MEG3 was through regulation of tumor suppressor p53 (9) . However, the relationship between MEG3 and EOC has not been studied, and the role of MEG3 in EOC is still unknown. Therefore, on the basis of previous studies, we hypothesized that MEG3 may be a novel tumor-suppressor gene in EOC. In the present study, we determined whether or not MEG3 RNA 
RNA extraction and RT-PCR.
Total RNA was extracted from 20 EOC and 20 normal ovarian tissue samples using RNAiso reagent (Takara, Japan). The reverse-transcription reactions were performed with PrimeScript RT Master Mix (Takara). PCR was performed using a Premix Taq version 2.0 (Takara) in accordance with the instructions from the respective manufacturer. The primers used to amplify MEG3 were as follows: 5'-GCC CTA GGG GAG TGA CTA CA (forward) and 5'-ACT CGG GAC ATA CCT GCT CT (reverse). The primers used to detect expression of p53, GDF15 and RB1 were as follows: p53, 5'-CCT CAG CAT CTT ATC CGA GTG (forward) and 5'-TCA TAG GGC ACC ACC ACA C (reverse); GDF15, 5'-AAG AAC TCA GGA CGG TGA ATG (forward) and 5'-CCG CAA CTC TCG GAA TCT G (reverse); RB1, 5'-GAA CTG TGG GGA ATC TGT ATC TTT (forward) and 5'-AAC TGC TGG GTT GTG TCA AAT A (reverse). β-actin was used as an internal reference. The reaction conditions were as follows: 30 cycles of 94˚C for 5 min, 94˚C for 30 sec, 58-60˚C for 30 sec and 72˚C for 30 sec, and 1 cycle of 72˚C for 10 min. The PCR products were resolved by electrophoresis through 2-3% agarose gels and visualized by ethidium bromide staining and the use of Semi-quantitative software (ImageJ). Each sample was analyzed in triplicate. (6) (7) (8) 10) . Cells cultured in the absence of 5-aza-CdR were used as a control. The media, which contained different concentrations of 5-aza-CdR, were changed every day. RT-PCR and MSP were performed to measure the expression of MEG3 RNA and the methylation status of the MEG3 promoter, respectively, as described above.
Methylation-specific PCR (MSP

Cell proliferation assay (MTT assay).
To express MEG3, the MEG3 cDNA was cloned into the pcDNA3.1 vector (referred to as pcDNA3.1-MEG3). The empty pcDNA3.1 vector (referred to as pcDNA3.1-empty) was used in the negative control (NC) group, and phosphate-buffered saline (PBS) was used in the blank group. Cellular proliferation was measured by the MTT assay. OVCAR3 cells were plated in 96-well plates at ~5x10 3 cells/well in quintuplicate. After ~12 h in culture, the cells were transfected with pcDNA3.1-MEG3, pcDNA3.1-empty or PBS using Lipofectamine 2000 (Life Technologies, USA). The number of cells/well was determined by measuring the absorbance (490 nm) of MTT at 12, 24 and 48 h after transfection. Each experiment was repeated at least 3 times.
-E t hy nyl -2 '-d eox yu r i d i n e (E dU) i n c o r p o ra t i o n assay.
OVCAR3 cells were plated in 24-well plates at ~5.0x10 4 cells/well. The cells were transfected with pcDNA3.1-MEG3, pcDNA3.1-empty or PBS when they reached 80% confluency. Forty-eight hours after transfection, EdU (50 mM) (Cell Light EdU DNA Imaging kit; Guangzhou RiboBio, China) was added, and the cells were cultured for an additional 2 h. The cells were then stained with 100 mM Apollo 567 fluorescent azide and Hoechst (5 mg/ml) for 30 min. Images were acquired and analyzed using the High Content Imaging Pathway 855 (BD, USA), and the number of EdU-positive cells was calculated as follows: Number of EdU-positive cells/number of Hoechst-stained cells x 100% (13) . Each experiment was repeated at least 3 times. To assay apoptosis, OVCAR3 cells (1.0x10 5 /well) in 6-well plates were transfected with pcDNA3.1-MEG3, pcDNA3.1-empty or PBS. After 48 h, the cells were harvested, stained with Annexin V and PI (Annexin V-FITC Apoptosis Detection kit; KeyGene Biotech) in accordance with the manufacturer's protocol, and subjected to FACS analysis (BD Biosciences, USA).
Luciferase reporter assays. Since MEG3 has been reported to activate p53 by binding to the p53 promoter, we tested whether it can regulate the activity of p53 in EOC cells. OVCAR3 cells were plated in 6-well plates and transfected with pcDNA3.1-MEG3 and pGL3-p53 using Lipofectamine 2000. Forty-eight hours later, the cells were harvested, and luciferase activity was determined using the Dual-Luciferase kit (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. Luciferase activity was normalized to that of pRL-SV40 (Promega).
Western blotting. After being transfected with pcDNA3.1-MEG3 or pcDNA3.1-empty, OVCAR3 cells were lysed with RIPA lysis buffer. Proteins were harvested and the concentrations of the samples were determined with the BCA protein assay kit (Beyotime, China). Then, the proteins were resolved on a 10% SDS denatured polyacrylamide gel and transferred to a PVDF membrane. After the membranes were blocked in 5% skim milk overnight at 4˚C, they were incubated with rabbit anti-human antibodies at the recommended dilution [p53, 1:500; GDF15, 1:700; RB1, 1:700 (all from BioWorld, USA)] and then incubated with the appropriate secondary antibody for ~1 h. Lab Works™ Image Acquisition and Analysis Software (UVP, USA) were used to quantify the intensities of the bands. GAPDH was used as a loading control.
Statistical analysis. All data are expressed as the means ± SD from at least 3 separate experiments. Statistical differences were calculated using one-way ANOVA. The relationship between the extent of CpG methylation and expression of MEG3 RNA was assessed by association analysis. All calculations were performed with the software package GraphPad Prism 5.0. A probability (P)-value <0.05 was considered to indicate a statistically significant result. displayed an unmethylated pattern (U). The difference in MEG3 expression between normal and cancer samples was significant (P<0.01) after using the Chi-square test to correct for continuity. As shown in Fig. 2 and Table I , all of the ovarian cancer samples that were categorized as 'lost expression' displayed a hypermethylated pattern (M) while all of the normal samples that were categorized as 'high-expression' displayed an unmethylated pattern (U). Furthermore, the MEG3 promoter was hypermethylated in 50% ( . 3A) . Collectively, the data illustrate that partial downregulation of MEG3 was due to hypermethylation of the MEG3 promoter and that the methylation status correlates with EOC grade. results indicate that CpG methylation may lead to downregulation of MEG3 RNA in ovarian cancer cell lines.
Results
Downregulation
Expression of MEG3 RNA resumes after treatment with
MEG3 inhibits proliferation and promotes apoptosis of ovarian cancer cells.
We used RT-PCR to determine that MEG3 RNA was re-expressed in OVCAR3 cells after they were transfected with pcDNA3.1-MEG3. MEG3 RNA was not detected in cells of the NC and blank groups (Fig. 4A) . The difference in the expression of MEG3 between the MEG3 group and the NC and blank groups was significant (P<0.01).
To investigate the role of MEG3 in cell growth, OVCAR3 cells were transfected with pcDNA3.1-MEG3 and then subjected to proliferation and apoptosis assays. Results of the MTT assay showed that proliferation was significantly inhibited in cells that overexpressed MEG3. In contrast to the NC and blank groups, the inhibition ratio of the MEG3 group at 12, 24 and 48 h after transfection was significantly different (37.26, 38.19 and 39.73%, respectively; P<0.01; Fig. 5A ). An EdU assay showed that the percentage of cells in the S phase was reduced by 35.01±2.68% in OVCAR3 cells that overexpress MEG3 (P<0.01; Fig. 5B ). The outcome of analysis of the cell cycle indicated that OVCAR3 cells were arrested at the G0/G1 phase and that the percentages of cells in the S and G2/M phases were also decreased (Fig. 5C ). An apoptosis assay showed that overexpression of MEG3 caused OVCAR3 cells to undergo apoptosis (Fig. 5D) . All of the data presented above support the hypothesis that MEG3 negatively regulates the growth of ovarian cancer cells.
Association of MEG3 and p53.
To understand the molecular mechanism by which MEG3 suppresses the growth of ovarian cancer cells, we investigated whether MEG3 regulates the activation of p53. OVCAR3 cells were cotransfected with pGL3-p53 and pcDNA3.1-MEG3. Fig. 6A shows that cells transfected with pcDNA3.1-MEG3 had significantly increased levels of p53 activity. Additionally, we also found that overexpression of MEG3 in OVCAR3 cells increased p53, GDF15 and RB1 mRNA and protein levels ( Fig. 6B and C) . 
Discussion
We determined that MEG3 RNA is highly expressed in most normal human ovarian tissues. However, expression of MEG3 in epithelial ovarian cancers (EOCs) was sharply decreased and sometimes even lost. Expression of MEG3 RNA was not detected in >70% of the EOC samples, and this loss of expression was associated with the grade of the tumor. We also discovered that MEG3 RNA was not expressed in the OVCAR3, SKOV3, HP8910 and ES-2 cell lines. On the other hand, the MEG3 promoter was hypermethylated in >60% of the EOC samples and in 100% of the ovarian cancer cell lines. As was determined in previous reports, the demethylating agent 5-aza-CdR reversed the hypermethylation of the MEG3 promoter in OVCAR3 cells, with the effectiveness increasing with increasing concentrations of the drug.
Is there a relationship between downregulation or loss of expression of MEG3 RNA and hypermethylation of the MEG3 promoter?
MEG3 is a long non-coding RNA (lncRNA). The MEG3 gene, also known as gene trap locus 2 (gtl2), is located on human chromosome 14q32 (Meg3 is located on mouse chromosome 12) and is reciprocally imprinted with the paternally expressed gene DLK1 (15) . Two DMRs are located upstream of the MEG3 gene, IG-DMR and MEG3-DMR, which controls expression in the placenta and the body, respectively (16). Zhao et al used bisulfite sequencing to determine that the methylation in regions 1 and 4 of the MEG3 promoter is significantly higher in NFAs than in normal pituitary and that the MEG3 promoter overlaps with the MEG3-DMR (6) . Hypermethylation of the MEG3 promoter is also observed in meningiomas (7) and neuroblastoma cell lines (8) . Downregulation or loss of expression of MEG3 RNA is consistent with abnormal methylation of the MEG3 promoter in these types of cancers. In contrast, MEG3 is expressed in many normal human tissues whose promoters do not display CpG hypermethylation. These studies indicate that inactivation of the MEG3 gene and downregulation of MEG3 RNA in these tumors partially result from silencing of the promoter by hypermethylation (5). Moreover, treating cells with 5-azaCdR triggers re-expression of MEG3 in multiple human breast cancer tumor cell lines (6), meningiomas (7), neuroblastomas (8) and hepatocellular carcinomas (10) .
Epigenetic silencing of tumor-suppressor genes by methylation is now arousing more and more interest in cancer research. DNA methylation is an epigenetic modification that is important in transcriptional control (17) . Hypermethylation of the promoters of these genes is associated with gene silencing. Similar to gene mutation, epigenetic silencing is another mechanism by which tumor-suppressor genes are inactivated (18) . Epigenetic changes have been implicated in malignant transformation and progression of different types of cancers, including ovarian cancer (18) . For example, the RASSF1A gene is methylated in ~40-50% of ovarian cancers (19, 20) . Moreover, hypermethylation of the BRCA1 promoter is highly correlated with decreased expression of BRCA1 and BRCA2 mRNA and is significantly correlated with tumor stage (21) .
Our findings are consistent with those of the studies mentioned above and strongly indicate that hypermethylation of the MEG3 promoter plays a significant role in inactivation of the MEG3 gene in EOC.
Functionally, in a colony-formation assay, overexpression of MEG3 in MCF7 and HeLa cells was found to result in a significantly lower number of colonies in these cells than in cells transfected with the controls (4). In addition, ectopic expression of MEG3 significantly inhibited the incorporation of BrdU in HCT116 and IOMM-Lee cells (15) . Braconi et al (10) and Wang et al (11) reported that ectopic expression of MEG3 caused apoptosis in PLC/PRF/5 and U251 and U87 MG cells, respectively. We proposed that MEG3 may play the same role in EOC. The results of the present study indicated that overexpression of MEG3 inhibited proliferation and promoted apoptosis in ovarian cancer cells. Downregulation of MEG3 in ovarian cancer cells appears to enhance the growth of the neoplasm.
In general, the tumor suppressor p53 potently inhibits cell growth by blocking proliferation or by activating cell death programs (22) . Recent studies have demonstrated that lncRNAs physically associate with p53, suggesting that they may play an important role in regulating cell growth via the p53 pathway (23) . Normally, the level of p53 is very low as the ubiquitin-proteasome system induces its rapid degradation. MDM2 is a member of this system, which inhibits p53 function and promotes p53 protein degradation (24) . MEG3 targets p53 by either directly interacting with p53 or indirectly suppressing the negative regulator MDM2 (9) . These effects may result in selective activation of downstream targets of p53 such as GDF15 and other yet-to-be-identified proteins with antiproliferative and tumor-suppressive functions (5) . The RB pathway may be the other mechanism by which MEG3, independently of p53, functions as a tumor suppressor (9) . Transfecting HCT116 cells with an MEG3 expression vector induces a significant increase in p53 (9) . In the present study, p53 mRNA and protein levels and the activity of the p53 promoter were increased in OVCAR3 cells transfected with pcDNA3.1-MEG3. Moreover, in the present study, expression of GDF15 and RB1 was 2-fold greater than that in control cells. These data indicate that MEG3 targets p53 to exert an antiproliferative function.
A lt hough Bracon i et al (10) deter m i ned t hat microRNA-29 can regulate the expression of MEG3 in hepatocellular cancer by modulating DNA methyltransferase (DNMT) 1 and 3b, the mechanisms upstream of DNMT regulation of MEG3 need to be identified. Staub et al (25) found that HSULF1 is epigenetically silenced in ovarian cancer and that epigenetic therapy targeting HSULF1 rendered ovarian tumors sensitive to conventional firstline therapies. Our future studies will confirm whether or not targeting MEG3 with 5-aza-2-deoxycytidine treatment may sensitize EOC to chemotherapy.
In conclusion, our data suggest that MEG3 may play an important role as a tumor suppressor in ovarian cancer cells since: i) MEG3 is located at the chromosome 14q32 locus; ii) MEG3 is highly expressed in normal ovarian tissues, but its expression is decreased or absent in EOC tissues and ovarian cancer cells; iii) hypermethylation of the MEG3 promoter is negatively correlated with the expression of MEG3 RNA in EOCs; iv) re-expression of MEG3 in ovarian cancer cells strongly suppresses growth and promotes apoptosis; and finally v) MEG3 indirectly or directly targets p53 and/or RB1 to control proliferation of ovarian cancer cells (15) . Further investigation of the mechanism of action of MEG3 could therefore possibly provide new therapeutic strategies for EOC.
